Abstract. Pneumatic directional valves are used in most industrial pneumatic systems. Most of them are two-stage valves controlled by a pilot valve. Pilot valves are often chosen randomly. Experimental studies in order to determine the flow-rate characteristics and parameters of pilot valves were not conducted. The paper presents experimental research of two piezo pilot valves.
Introduction
Pneumatically driven devices are used almost in every industry (medical, transport, aviation [1] [2] [3] [4] , automotive, light and heavy industries, mining, metallurgy, CNC [5] [6] [7] [8] [9] , robotics [10] [11] [12] [13] [14] [15] [16] ) as well as in our everyday lives [17] [18] [19] [20] . In order to control pneumatic drives, mainly pneumatic directional valves are used [21, 22] , which can be: mechanically, manually, pneumatically and electro-magnetically operated. Due to the dynamic development of electronics [23] and programmable controlling [24, 25] , production processes mainly use PLCs [26, 27] . Hence, pneumatic directional valves electromagnetically operated are widely applied in the pneumatic devices. Pneumatic directional valves are built of two primary components: • pneumatic distributor, which is responsible for the subsequent stage (action) of the valve, • pilot valve(s), which is responsible for the initial stage (action) of the valve [28] . The pilot valves of the directional valves are usually selected randomly. Catalogues of companies of the pneumatic industry do not include the parameters of pilot valves as such, only parameters of a complete set -the distributor and the pilot valve constituting the directional valve. Two piezo pilots [29] [30] [31] by Hoerbiger-Origa: P20 381RF-NG-CPN ( Fig. 1 ) and P8 385RF-NG-SPN61-B (Fig. 2) are the subject of the research. The parameters thereof are shown in Table 1 and Table 2 respectively. Those elements were selected for research due to the possibility to compare the data provided by the producer in the catalogue with the results obtained. 
Flow parameters
Pneumatic systems via working medium, most often compressed air, host the exchange of energy and control signals [32] [33] [34] [35] . Pneumatic devices are characterized by resistance [36] [37] [38] , which influences the flow rate of the compressed air, and hence, its flow intensity. Those characteristics are described by flow parameters, which can be determined on the basis of experiments [39] [40] [41] . The method of studying pneumatic components that host the exchange of compressible gases is described by ISO 6358 [42].
Choked flow
Critical flow is a state, in which the gas flow rate in a certain area of the component equals the local speed of sound. It occurs when inlet pressure p 1 is high enough in relation to outlet pressure p 2 . Massive gas flow intensity is then proportional to inlet pressure p 1 and inversely proportional to the square root of the temperature at inlet T 1 , and does not depend on outlet pressure p 2 :
where: q m * -mass flow intensity under choked flow conditions, q m -mass flow intensity under subsonic flow, p 1 -inlet gas pressure, p 2 -outlet gas pressure, ȡ 0 -gas density, C -sonic conductance, b -critical pressure ratio, T 0 -normalized reference temperature, T 1 -inlet temperature.
Critical pressure ratio
Critical pressure ratio b is the highest value of p 2 /p 1 pressure ratio, which triggers choked flow in the tested component [42] . If the inlet temperature is constant during research, then value b for each obtained value q m in terms of subsonic flow [43, 44] is calculated using the formula presented below:
where: ¨p -pressure drop. If during the research, a change in p 1 and T 1 , occurs, then for each value q m received in terms of subcritical flow, b is calculated on the basis of the following formula:
Sonic conductance
Sonic conductance C is the ratio of mass gas flow intensity q m * through the component, to the product of inlet pressure p 1 * and the density of that gas ȡ 0 in normalized reference atmosphere conditions during choked flow:
where: p 1 * -inlet gas pressure under choked flow conditions, T 1 * -inlet temperature under choked flow conditions.
The symbols and units shall be applied in accordance with Table 3 . The numerals used in subscripts or superscripts or marked with an asterisk (*) with regard to the symbols listed in Table 2 shall be used as specified in Table 4 . If a volumetric flow meter was used for the measurements, and the volumetric flow intensity is to be used, then the formulae (1), (2), (3), (4), (5) will take the following form:
Test stand
The test stand used to determine the flow rate characteristics of piezo pilot valves is shown in Fig. 3 , whereas the overview of the stand in Fig.4 . 
Experimental research results
The experimental research was conducted under constant inlet pressure p 1 =const and constant temperature T 0 =T 1 = const. Fig. 5 and 6 show a graphical interpretation [45] of the results of the experimental research on piezo pilot valves concerning the determination of critical pressure ratio b and sonic conductance C. The charts in Fig.7-10 show different flow rate characteristics of the pilots. The charts in Fig. 11-12 On the basis of formulae (7) and (8), the ratio of critical pressure b under subcritical flow conditions as well as sonic conductance C under choked flow conditions were calculated. The results were average values out of four measurements conducted in accordance with ISO 6358. Table 5 shows the comparison of the experimental research results made on the basis of two methods, and the catalogue data provided by the producer (Table 1 and 2). 
Summary
The article presents the methods and the test stand to determine the flow-rate characteristics and parameters of piezo pilot valves. Flow-rate parameters b and C can be calculated on the basis of experimental research with the use of two methods. The selection of the method depends on the possibility to achieve the critical flow rate in the studied component. On the basis of the experimental research conducted, both methods and the data provided by the producer (Table 5 ) were compared. As it can be seen, the results achieved are quite similar to each other and to the data provided by the producer of the piezo pilots.
